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Engineers, San Francisco, California
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SYNOPSIS An instrumented deep excavation in weathered rock adjacent to a deflection-sensitive historical building is described.
Two permanent shoring systems were used, presenting an opportunity to measure and compare their behaviors. Adjacent to the
historic structure, a tied-back drilled pier wall was used, while the remainder of the excavation was supported by a tied-back shotcrete
wall constructed in top-down fashion. Instrumentation included inclinometers, tiltmeters, and tieback load cells, supplemented by
optical surveys. Both support systems performed well, with movements within acceptable ranges. The maximum horizontal
deflection of the drilled piers was 0.33 inch (8 mm), one-third to one-fifth that of the shotcrete. Settlements behind the drilled piers
were significantly less than behind the shotcrete. Isolated minor cracking and widening of existing cracks occurred in the existing
building. Tieback load cell data indicate that the source of movements can extend beyond the theoretical failure wedge.
INTRODUCTION

SUBSURFACE CONDITIONS

The main library at the University of California, Berkeley will
acquire approximately 1.9 million new volumes over the next
decade. With the current library space already fully utilized,
providing space for these new volumes required the construction
of a majornew library addition. The addition was designed to be
largely below grade to preserve the limited open space on the
Berkeley campus and maintain the aesthetics of the historical
main library.

The materials exposed in the excavation consist primarily of
weathered rock, which is overlain by residual, colluvial and
alluvial soils, and fills. Close to the south and west walls, the
excavation extended exclusively through rock while in other
areas of the excavation various thicknesses of fill and soil are
present. Generally, the fills consist of medium dense clayey
gravels and stiff to very stiff gravelly clays 6 to 10 feet (1.83 to
3 .05m) thick. The residual, colluvial and alluvial soils consist of
stiff to very stiff sandy clays, and the maximum combined
thickness of the soil deposits is about 20 feet (6.1m). Typically,
the natural soils are 6 to 10 feet (1.83 to 3.05m) thick.

Located north of the main campus library (Doe Library and
Annex) and east of Moffitt Library as shown on Figures 1 and
2, the excavation for the new library is 470 feet (143m) long, 117
to 1_70 feet (36 to 52m) wide, and varies in depth from 30 to 55
feet (9 to 17m). Doe Library, constructed between 1908 and
1912, is a spread footing-supported steel frame structure with a
granite fa~ade while Moffitt Library, constructed in the 1970's,
is a reinforced concrete structure with two to three levels below
grade.

The weathered rock belongs to the Franciscan formation
(Cretaceous-Jurassic age) and consists of metamorphosed shales
and graywacke sandstones (hard granular rock with high clay
and rock fragment fractions, Rutherford & Chekene, 1991 ). The
Franciscan formation, common throughout the Coast Range
geomorphic province of northern California, is composed of
various characteristic rock types: graywacke, shale, serpentine,
greenstone and chert are the most common. The formation
includes both coherent units consisting of a regular sequence of
strata, and melange characterized by pervasively sheared matrix
materials containing blocks of other harder rock types. The rock
encountered in the excavation generally consists of a coherent
unit of interbedded sandstones and shales, with the sandstones
being moderately to highly fractured and the shale units
pervasively sheared and highly fractured to crushed. Some
melange was encountered in the vicinity of faults.

The excavation is located only 8 feet (2.5m) away from Doe
Library and extends a maximum of 40 feet (12m) below the
footing elevation of the existing structure. Economic and
structural design considerations led to selecting a permanent
shoring system designed so that the structure would not carry
any of the lateral earth pressures for the life of the project. To
minimize deflections below and adjacent to the existing library,
a relatively stiff excavation support system consisting of a tiedback drilled pier wall was utilized. In other areas, where greater
deflections could be tolerated, the excavation was supported by
a tied-back shotcrete wall.

Subsurface profiles at four locations around the excavation are
shown schematically on Figures 3 through 6.
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Figure 1 - Site Plan

shoring system and the design earth pressures for this system aJ
shown on Figures 5 and 6.

The groundwater present at the site is perched within the soil
materials or confmed to isolated fracture zones within the rock.
Very limited seepage was observed in the walls of the excavation
except at the north end of the east wall, where moderate seepage
occurred during the excavation.

Following the common professional practice of the San Frar
cisco Bay Area, the design lateral earth pressures in the Francisca
rock were derived using classical soil mechanics theory. Acti'll
pressures were used to design the shotcrete wall because it w~
judged that sufficient movement to reach the active state coul
be tolerated. At the library, where control of the deflections w~
critical, the drilled pier wall was designed for at-rest pressure

SHORING DESIGN DETAILS
Along the south side of the excavation, adjacent Doe Library,
30-inch (0.76m) diameter piers were drilled at 6 feet (1.83m) on
center and steel beams (typically W18x46) were placed in the
holes, which were subsequently filled with concrete (min. 3000
psi strength at 28 days). The drilled piers were tied back with
four levels of multistrand, double corrosion-protected, high
tensile strength cable tiebacks with design loads varying from
90 to 120 kips (400 to 534 kN). The areas between the piers were
covered by a layer of shotcrete 8 inches (20cm) thick, reinforced
with welded wire fabric. Schematic cross-sections of the drilled
pier system with the lateral earth pressures used to design this
system are shown on Figures 3 and 4.

All tiebacks were proof-tested to 150 percent of their desig
loads and locked off at 50 to 100 percent.

The east, west and north walls of the excavation are supported
by a tied-back shotcrete system, 12 inches (30.5cm) thick. The
shotcrete is reinforced with two layers of #4 Grade 60 reinforcing bars; the vertical bars are on 8-inch centers and the horizontal bars are on 16-inch centers. Tiebacks are located on a 6 x 6
foot ( 1.83 x 1.83m) grid and their design loads vary from 40 to
90 kips ( 178 to 400kN). Schematic cross-sections of the shotcrete

Figure 2 -VIew of Doe Library Site, Looking Southwest
University of California, Berkeley
1584

DEFLECTION (feet)

INCLINOMETER
PROFILE DATES
1
2
3
4
5

6

9/15/92
9/28/92
10/15/92
11/30/92
1/25/93
2/11/93

0.03

0.02

0.01

INCLINOMETER 16

0.00

290

10

50pcf
1--...:,..::::o;--equlv. fluid

:;:::-

*

:;::CD

:!

:e.

20

z

Incl. building

0
j::

::1:

.....

fuc

Total lateral
1----':--\.--...Piressure

270

~

30

.....__ _,__._ surcharge)
260

..J

w

40

2,220 psf

50 12

10
8
6
4
2
DEFLECTION (mm)

0

0

LATERAL MOVEMENT
AT INCLINOMETER 163

KEY PLAN

30

SECTION

DESIGN LATERAL
EARTH PRESSURES

Figure 3 - Drilled Pier Wall at Inclinometer 163

the adjacent library. The locations of the instruments are shown
on Figure 1. Optical surveys supplemented the instrumentation
program.

CONSTRUCTION DETAILS

Drilling the holes for the soldier beams through the Franciscan
rock was a difficult and slow process when harder graywacke
units were encountered, requiring frequent use of a core barrel
and powerful drilling equipment (Texoma Taurus XL). In addition, some zones of the more resistant sandstone (with compressive wave velocities of 8,000+ ft/sec) were very difficult to rip.
Blasting was not required in the mass excavation. The heavily
fractured and heterogeneous nature of the rock mass also
resulted in significant overbreak in the areas where the shotcrete
wall was used. However, the soldier beams provided effective
confinement of the rock and overbreak with this system was
negligible.

Slope Inclinometers
Lateral deflections of the shoring system and the adjacent
ground were measured using a Geotechnical Instruments Ltd.
Mk 4 slope inclinometer system. The inclinometer casing was
attached to the back flange of the steel wide-flange sections in
the drilled pier wall. Adjacent to the shotcrete wall, the inclinometer casing was installed in predrilled holes and the annulus
around the casing was filled with a cement-bentonite grout.
Typically, the casing was installed approximately 3 feet (0.91m)
behind the face of the wall, although in one location the casing
was installed 20 feet behind the face (Inclinometer 91).

INSTRUMENTATION

The measured movements for four of the slope inclinometers
are summarized on Figures 3 through 6. The maximum deflection recorded for each stage ofexcavation is also shown on these
figures.

The field instrumentation consisted of 11 slope inclinometers
around the perimeter of the excavation, 10 load cells located on
selected tiebacks, and 4 tiltmeters attached to the foundation of
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Figure 5 - Shotcrete Wall at Inclinometer 42

eastern wall adjacent to the deepest part of the excavation
Settlement points on Doe Library (and annex) indicated maxi·
mum vertical movements of less than one-eighth of an inch.

The maximum horizontal deflection of the drilled pier wall is
approximately 0.43 inches (l.lcm). The maximum horizontal
movement of the tied-back shotcrete wall is 1.17 inches (3cm)
for a comparable height of wall. The maximum measured
horizontal movement on the project occurred along the east
wall, where the depth of cut was 55 feet (16.8m), and the
measured horizontal movement at the top of the wall was 2.5
inches (6.35cm).

Tieback Load Cells
The measured responses of selected tieback load cells witl
respect to the depth of the excavation are presented on Figure:
7 and 8. Those located on the drilled pier wall (Load Cell163
generally recorded a slight increase in tieback loads during th~
course of the excavation, while those on the shotcrete wall
indicate relatively constant loads until late in the excavation
when the loads increased somewhat. The short-term fluctuation
in load cell readings are temperature-related.

Optical Survey Data
The optical survey data indicated that the top of the shotcrete
wall settled throughout the construction phase. The maximum
settlement, approximately 3 inches (7 .6cm), occurred along the
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DISCUSSION

support. Rogers (1993) emphasizes the importance of preventing relaxation of Franciscan formation rock to prevent strength
loss and to minimize movements.

The drilled pier wall was highly effective in limiting deflections
compared to the shotcrete wall, as illustrated by Figure 9. The
maximum horizontal deflection of the drilled pier system was
one-third to one-fifth that of the shotcrete system, for comparable excavation depths and subsurface conditions; settlement
immediately adjacent to the shotcrete wall was an order of
magnitude greater than settlement adjacent to the drilled pier
wall. The differing stiffnesses of the two systems may explain
part of the behavioral differences. However, Clough (1990)
indicates that the system stiffness has a minimal effect on the
deflections in stiff soil conditions, of which the highly fractured,
weathered rock could be considered an extreme example.

Control of the horizontal displacements generally results in
less settlement adjacent to a shoring system, which accounts for
the minimal settlement recorded adjacent to the drilled pier
wall. The structural behavior of the drilled pier wall also limited
settlement because any vertical movement of the adjacent
ground was resisted by frictional interaction along the sides of
the drilled piers. The piers also carry the downward component
of the tieback loads without significant deflection. In contrast,
the tiebacks used with the shotcrete system put a downward
force on the adjacent rock mass and when the wall was undercut
for a subsequent lift, no structural support existed to resist
settlement. The important effect of frictional interaction between a wall and the adjacent ground on the vertical movement
adjacent to a wall is discussed by Kishnani and Borja (1993).

The primary factor accounting for the behavioral differences
of the two systems is that the drilled pier wall is installed prior
to excavation and is therefore more successful at preventing the
relaxation of the earth and rock mass than the shotcrete system,
which requires exposing a vertical face prior to installing any
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The inclinometer and load cell data suggest that the tiebacks
provide only partial restraint at the top of the drilled pier wall
and even less restraint near the top of the shotcrete wall.
Continued outward movement of the walls occurred without a
major response in the load cell readings. The behavior of the
tiebacks and lack of restraint thereof can be understood by
considering the change in the stress regime which occurs in
response to excavation. Work by Wittke (1990) indicates that
the zone of unloading adjacent to a vertical cut in shales could
extend horizontally a distance of 4 to 6 times the depth of the
cut. Any region of rock that is unloaded in the horizontal
direction will move toward the excavation so, if the zone of
stress relief includes the rock mass in which the tieback is
anchored, then the anchor will move toward the excavation,
thus allowing movement at the top of the wall. Clough (1990)
also indicates that, based on other excavations in shale, tiebacks
may have to extend well beyond the theoretical failure wedge to
provide effective restraint. Settlement of the shotcrete wall,
which was observed, would also tend to allow outward movement of the wall without developing additional load in the
tieback, which may explain why the tiebacks apparently provided less restraint with this system than with the drilled pier
wall.
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Settlement readings on Doe Library indicate negligible
settlementthroughouttheexcavation process, and the maximum
horizontal movement of the shoring system adjacent to the
library was on the order of0.43 inches (l.lcm). However, even
this small movement was sufficient to cause cracking in the
sensitive architectural finishes on the granite fa~ade and within
the library. Existing cracks in the fa~ade widened upwards of
one-eighth of an inch (0.32cm) and some separation occurred
along the grout joints in the flooring within the library. The
cracks occurred at the locations shown on Figure 1. The
location of the main cracks illustrates the importance of
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excavation geometry. The cracks occurred in the vicinity of an
"outside" comer within the excavation, and it is with this
geometry that stress relief occurs in three directions, as opposed
to two in the typical plane strain situation (i.e. along a continuous
wall).
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It is useful to compare the measured horizontal deflections to
other documented case histories. As shown on Figure 10, the
deflections for the shotcrete wall are not dissimilar to those
measured in excavations in stiff to very hard clays supported by
tied-back concrete diaphragm and drilled pier walls. It is also
apparent from this figure that the drilled pier wall was more
effective in limiting deflections.
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Comparison of Measured Horizontal Movements with
Horizontal Movements in Stiff to Very Hard Clay
(after Clough, 1990)
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excavation. It is hoped that, by using these techniques i
combination with parametric studies, the factors whichdetermin
the performance of a shoring system in weathered rock can l::
clearly identified.
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CONCLUSIONS
Some important lessons learned from this case history are:
• Relatively large ground movements can occur in response to
an excavation in rock.
• Even small horizontal movements can cause cracking in
sensitive architectural finishes.
• Stress relief resulting from an excavation can cause movements
within a rock mass that extend well beyond the theoretical
failure wedge determined using soil mechanics principles.
This effect can limit the restraint provided by tiebacks that are
anchored just beyond the theoretical failure wedge.
• Deflections adjacent to an excavation can be limited by using
an appropriate shoring system. It is not only the stiffness of
the shoring system that matters, but also the construction
sequence and structural behavior of the system that influence
the total movements.
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